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ABSTRACT: In order to improve catalytic processes, eluci-
dation of reaction mechanisms is essential. Here, supported 
by a combination of experimental and computational results, 
the oxidation mechanism of formic acid on Pt(111) electrodes 
modified by the incorporation of bismuth adatoms is re-
vealed. In the proposed model, formic acid is first phy-
sisorbed, on bismuth, and then deprotonated and chemi-
sorbed in formate form, also on bismuth, from which config-
uration the C-H bond is cleaved, on a neighbor Pt site, yield-
ing CO2. It was computationally found that the activation 
energy for the C-H bond cleavage step is negligible, which 
was also verified experimentally. 

Cleaner energy based on the oxidation of small organic 
molecules (i.e., formic acid, methanol, ethanol …) in fuel cells 
requires efficient electrocatalysts capable of operating at low 
overpotentials and high current densities. To guide the de-
velopment of optimal catalysts, the oxidation mechanisms of 
the fuels have to be fully understood. The oxidation of formic 
acid to CO2, involving the exchange of only two electrons 
and the cleavage of a single C-H bond, is probably the sim-
plest among the considered processes.1,2 In order to activate 
the aforementioned C-H bond cleavage, platinum surfaces 
are particularly effective, giving rise to overpotentials lower 
than those observed in the oxidation of small organic mole-
cules on others metals. However, even on pure platinum, the 
measured oxidation currents, at low overpotentials, are still 
low. To increase the activity of the catalyst, modifications of 
platinum with other elements have been proposed. Interme-
tallic PtBi nanoparticles have shown an excellent perfor-
mance, where high currents at very low overpotentials have 
been recorded.3-6 Nevertheless, the role played by Bi, or any 
other modifier, in the considered oxidation process is still 
unknown. In this work, using a combination of DFT calcula-
tions and experimental results on single crystal electrodes, 
the electro-oxidation mechanism of formic acid on the Bi-
adatom modified Pt(111) surface is completely elucidated. 
Note that single crystal electrodes allow direct comparison 
between computational and experimental results.  

The electrooxidation of formic acid on pure platinum elec-
trodes can evolve following two main routes: through CO, 
which remains strongly adsorbed on the electrode, being 
difficult to oxidize, and through an active intermediate, 
which is the desired route,2,7 For this route, the nature of the 
intermediate is still under discussion.8-13 Electrocatalytic 
reactions rates depend on the surface structure of the elec-
trodes. So, Pt(111) electrodes exhibit low activity through the 
active intermediate and negligible CO formation, whereas 
Pt(100) surfaces show the highest activity for both routes.14,15 
Moreover, to increase the reaction rate through the direct 
route, pure platinum electrodes have been modified incorpo-
rating other species. Bismuth has given rise to very promis-
ing results.16-18 The addition of Bi adatoms to pristine Pt(111) 
single crystal electrodes diminishes the overpotentials and 
increase the current density up to 30-40 times that measured 
for the unmodified surface.15 Such improvement is clearly 
related to the deposition of Bi on the terraces, since it reach-
es the maximum for coverages close to the saturation value. 
For low and moderate Bi coverages, only isolated or <1 nm 
islands have been seen by STM, which supports the random 
distribution model of adatoms on the surface.19 Also, statisti-
cal models suggest that a Bi-Pt ensemble would be the reac-
tive site, although the role played by each atom in the con-
sidered oxidation process has not yet been described.20  

It has been pointed out that, in the oxidation process of 
formic acid on pure platinum electrodes, adsorbed formate 
plays an important role. This specie has been detected by 
FTIR9-13 and voltammetry,21 coinciding the onset for the oxi-
dation process with that for the adsorption of formate.21 Also, 
DFT calculations indicate that adsorbed formate is a key 
element in the considered oxidation process.22,23 More specif-
ically, it has been suggested that adsorbed formate facilitates 
the adsorption of a new formic acid (or formate) molecule 
with the C-H bond directed towards the surface.24 From such 
a configuration, the activation energy for the cleavage of the 
C-H bond would be low (ca. 0.5 eV), yielding CO2 as final 
product. To adsorb the formate-formic dimer, a Pt ensemble 
with several Pt atoms is required. Thus, the initial hypothesis 
could be that bismuth facilitates the adsorption of formate 
on Pt sites. 
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To detect adsorption of formate on single crystal elec-
trodes, fast scan voltammetry can be used.21 During formic 
acid oxidation, voltammetric currents come from two differ-
ent processes: the oxidation process itself and adsorption 
processes (mainly hydrogen and anions) on the electrode 
surface. At low scan rates, oxidation currents are much high-
er than adsorption currents. However, adsorption currents 
are proportional to the scan rate, being oxidation currents 
much less affected by the scan rate.18 By using high scan 
rates, adsorption currents can dominate the voltammetric 
profile.21 For a Bi adatom modified Pt(111) electrode with a 
coverage 0f 0.25, which is very close to the maximum activi-
ty, both types of experiments (low and high scan rate volt-
ammetry) are shown in figure 1. The same kind of experi-
mental results are shown in figures S1-3 for the bare electrode 
and two additional coverages. As can be seen by comparison 
of the voltammetries in presence and absence of formic acid, 
at 50 mV s-1 (figure 1A) adsorption currents are much smaller 
than those corresponding to formic acid oxidation, having 
the voltammogram the shape of an irreversible oxidation 
process, which is inhibited at high potentials. At high bis-
muth coverages and above 0.5 V, the incoming molecules are 
immediately oxidized on the electrode. 
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Figure 1. Voltammetric profiles of Bi-Pt(111) electrode with 
θBi=0.25 in 0.5 M HClO4 + 0.05 M HCOOH (full line) and 0.5 
M HClO4 (dashed lines) at (A) 0.05 V s-1 and (B) 50 V s-1. 

However, at 50 V s-1 (Figure 1B and S1-3B) adsorption cur-
rents have increased 3 orders of magnitude, being the domi-
nant process recorded in the voltammetry. In presence of 
formic acid voltammograms are practically symmetrical 
through the potential axis, which indicates that currents are 
mainly due to adsorption processes and thus, contribution 
from oxidation processes can be discarded. The comparison 
with the voltammograms measured in absence of formic acid 
enables to establish the formate adsorption range on plati-
num. In perchloric acid solutions, a hydrogen adsorption 
region appears at potentials below 0.3 V, whereas bismuth 
redox give rise to a pair of peaks between 0.6-0.7 V, in a 
similar way to what is found at 50 mV s-1 (figure 1B and S4). 
Above 0.7 V, the signals corresponding to OH adsorption on 
Pt sites can be detected. In presence of formic acid at 50 V s-1, 
some changes can be observed in the voltammograms. First, 
depending on the coverage, a signal corresponding to for-
mate adsorption can be seen between 0.4-0.6 V in the posi-
tive scan direction (figure S5). In figure 1B, since bismuth 
coverage is high, the amount of free Pt sites is small, and 
therefore, the total amount of adsorbed formate on platinum 
is also small. However, in figure S5 the signal corresponding 
to formate adsorption diminishes as the coverage increases. 
For bismuth modified surfaces, the voltammograms in pres-

ence of formic acid at 50 V s-1 are almost identical to those 
measured in sulfuric acid solutions in absence of formic acid, 
which corroborates that these processes are due to the ad-
sorption of the formate anion.25 As the amount of bismuth 
coverage increases, the onset for the formate anion adsorp-
tion is displaced towards higher potential values (see figure 
S5).26 In parallel to the appearance of the new signal between 
0.4 and 0.6 V, those corresponding to the adsorption of OH 
above 0.7 V disappear and a small shift in the bismuth redox 
peaks is observed. All these results indicate that for θBi=0.25 
formate is present on platinum sites only above 0.5 V, where-
as on the unmodified Pt(111) electrode it can be detected at 
0.35 V.21 On the other hand, the onset potential for formic 
acid oxidation diminishes as the bismuth coverage increases. 
Thus, it is clear that the catalytic effect of bismuth is not 
linked to the adsorption of formate on Pt sites.  

In order to gain insight into the mechanisms explaining 
the higher performance of bismuth modified electrodes, DFT 
calculations, modeling different aspects of the investigated 
process, were carried out. Adsorption of bismuth on fcc and 
hcp sites of the Pt(111) surface was found to be favorable by 
3.20 eV and 3.17 eV, respectively. The adsorption of bismuth 
originates a redistribution of electron density on the bare 
surface. The results corresponding to fcc sites are displayed 
in figure 2, being the ones corresponding to hcp sites virtual-
ly identical. From figure 2, it can be inferred that an excess of 
positive charge would be concentrated on the adatom 
meanwhile the compensating negative charge would be 
distributed among the platinum atoms close to the adatom. 
Thus, bismuth has cationic character when adsorbed on 
Pt(111). Here we propose that the formation of the identified 
cationic site determines the oxidation process of formic acid 
on the Bi-Pt(111) surface driving its mechanism. 

 

Figure 2. Electrostatic potential [Ha/e] mapped on electron 
iso-density surface for a density value ρ = 0.01 e/Å3 for a Bi 
adatom adsorbed on the Pt(111) surface.  

It was found that physisorption of hydrated formic acid 
near the adatom is favorable by ca. 0.26 eV. In its lower ener-
gy configuration, the carbonyl group is directed towards the 
adatom (figure S6), with changes in the bonds geometry 
being observed. In such a configuration, the O-H distance of 
the carboxylic group increases, whereas the distance to the 
corresponding hydrogen bond diminishes as compared to 
the distances calculated in absence of surface. Adatoms fa-
voring physisorption of formic acid in the C-H down configu-
ration has been previously found, 27 though the evolution of 
formic acid on the adatom site was not studied, and only the 
generic argument that that configuration facilitates the 
cleavage of the C-H bond, is provided. Here, the relevant role 
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played by the adatom during the oxidation process is stab-
lished, and the complete oxidation mechanism is revealed. 

From the described physisorbed configuration, the depro-
tonation of the formic acid molecule would be assisted by the 
fact that, from this location, formate was found to be favora-
bly chemisorbed by 0.39 eV on the bismuth adatom without 
barrier. Therefore, formic acid deprotonation and formate 
chemisorption on bismuth would be two processes that 
would take place simultaneously. The above described phy-
sisorption and formate chemisorption related observations 
suggest that the pKa of formic acid near the surface would be 
lower than that in the bulk. Physisorption, deprotonation, 
and formate chemisorption would be, all of them, processes 
driven by the positive charge located on the adatom. 

Once formate chemisorption on the adatom has taken 
place, it was assumed that the electron in excess exits to-
wards the circuit. So, the evolution of the HCOO fragment 
bonded to the bismuth modified platinum surface was ana-
lyzed. Running quantum mechanical molecular dynamics 
simulations, it was found that, transiting among different 
configurations whose energies fluctuate within the error of 
the calculations, the chemisorbed HCOO fragment evolves, 
in a rotating process for which the Bi-O and O-C bonds play 
the role of rotation axis, until a C-H down configuration 
sufficiently favorable is reached. From this configuration the 
C-H bond is cleaved to yield CO2 and an adsorbed H atom 
(figure 3). The activation energy estimated from the calcula-
tions for the C-H bond cleavage step was negligible, present-
ing a favorable energy of 1.21 eV. Comparison with previous 
results on unmodified Pt(111) electrodes24 shows a significant 
diminution in activation energy for the C-H bond cleavage 
step, from 0.5 to 0 eV. 

 

 

Figure 3. A) HCOO fragment adsorbed on the Bi-Pt(111) sur-
face and B) final products in the oxidation of formic acid.  

In summary, the here proposed model of oxidation reac-
tion draws a bifunctional catalyst in which the bismuth ada-
tom plays a determinant role in the formic acid adsorption 
and evolution to chemisorbed formate, whereas an adjacent 
Pt site is responsible for the cleavage of the C-H bond, which 
is in agreement with previous analysis suggesting that the 
catalytic site is a Bi-Pt ensemble.20  

To corroborate the proposed reaction mechanism, activa-
tion energies for different bismuth coverages on Pt(111) elec-
trodes were experimentally estimated. For that, voltammetric 
profiles for the oxidation process were recorded at different 
temperatures (figure 4A). Since CO formation on these elec-
trodes is negligible,15,17 the measured currents corresponds to 
the direct route. So, the logarithm of the current density at 
constant potential can be charted vs. T-1 in an Arrhenius plot 
to determine the apparent activation energy (figure S7). 
Activation energies vs. electrode potentials for different 
bismuth coverages are displayed in figure 4B. For compari-
son, the activation energy for the unmodified Pt(111) elec-
trode is also included. For the bare electrode, the activation 
energy was determined from the intrinsic activity of the 
electrode through the active intermediate reaction measured 
at different temperatures.14,15  
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Figure 4. (A) Voltammetric profile of a Bi-Pt(111) electrode 
with θBi=0.25 in 0.5 M H2SO4 + 0.1 M HCOOH at 0.05 V s-1 at 
different temperatures. (B) Measured activation energy for 
different Bi coverages  (�) θBi=0.00 ; (�) θBi=0.10 ; (�) 
θBi=0.22 and (�) θBi=0.28. 

In figure 4B, as bismuth coverage increases, a significant 
diminution in the activation energy of the process can be 
observed. For the electrode with the highest activity, the 
diminution is around 20 kJ mol-1 with respect to that corre-
sponding to the unmodified Pt(111) electrode. It should be 
borne in mind that experimentally estimated activation en-
ergies are apparent activation energies, which are a combina-
tion of the activation energies of all the different steps in-
volved in a mechanism, whereas computationally estimated 
activation energies corresponds to a single step in a process. 
Additionally, in the case of the bismuth modified Pt(111) 
electrodes, the measured activation energy is an average of 
the activation energies for all the different kinds of reactive 
sites on the surface. For the investigated surfaces, two differ-
ent kinds of active sites are considered: the Pt-Bi ensemble of 
figure 3, and the Pt ensemble on which the reaction occurs 
through the formate-formic dimer. If the activation energy 
for the Pt-Bi ensemble is much lower than that for the Pt 
sites, it is clear that the measured activation energy should 
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diminish when increasing bismuth coverage, as found exper-
imentally. For the bismuth coverage with the highest catalyt-
ic activity (θBi=0.28), the measured activation energy is not 
zero because of the contribution of other previous steps and 
also from some Pt ensembles still accessible on the surface. 
At 0.45 V, the measured activation energy for θBi=0.28 is 21 kJ 
mol-1, whereas on the unmodified surface is 42 kJ mol-1. From 
these data, the contribution of the different steps/processes, 
to the apparent activation energy at this bismuth coverage, 
can be estimated. Since each bismuth adatom blocks 3 plati-
num sites, at the considered coverage, the number of free Pt 
sites is 0.16. This implies that the contribution of these sites 
to the total energy would be 0.16×42=6.7 kJ mol-1. The re-
maining 14.3 kJ mol-1 (0r 0.15 eV) should arise, then, from the 
previous steps for the reaction on the Bi-Pt ensemble, proba-
bly from the deprotonation of the formic acid close to the Bi 
adatom to give rise to formate, which will adsorb immediate-
ly on the Bi adatom. 

Finally, it should be stressed that he reaction mechanism 
suggested by our DFT calculations is in very good agreement 
with a broad set of experimental data. First, unlike the Pt(111) 
electrodes, for which currents increase with the pH,12 the 
currents measured on the bismuth modified Pt(111) elec-
trodes do not depend on the pH for values between 0 and 2,18 
which implies that the formic acid molecule is the reactant 
species at these pH values. As has been shown, a formic acid 
molecule close to the Bi adatom would have a lower pKa, 
which would facilitate its adsorption as formate on the bis-
muth adatom, and therefore, the presence of a formate mol-
ecule close to the adatom is not required. Second, the activa-
tion energy diminishes with the bismuth coverage. Third, the 
proposed reaction mechanism helps to explain why the onset 
of the reaction is between 0.2-0.3 V for the different bismuth 
coverages. In the final step, adsorbed hydrogen is formed, 
“poisoning” the active site. In order to reactivate the active 
site, hydrogen should be desorbed. Thus, a steady current for 
formic acid oxidation is only possible at potentials at which 
hydrogen is easily desorbed from the Pt sites, that is, where 
hydrogen equilibrium coverage on the surface is low. On the 
unmodified Pt(111) surface hydrogen coverage is low above 
0.30 V, and this potential value diminishes as the bismuth 
coverage increases (see figure S4). Thus, the onset potential 
for the reaction shifts accordingly. And, fourth, the proposed 
mechanism also explain why the activation energy diminish-
es from 0.2 to 0.5 V. Hydrogen desorption also contributes to 
the measured activation energy, since it can be considered 
also the first step in the reaction at potentials where hydro-
gen is adsorbed. As the potential is made more positive, this 
step is faster (i.e., with a lower activation energy) which 
results in a diminution of the overall activation energy. As a 
conclusion, it can be verified that the here presented compu-
tational results are in very good agreement with a broad set 
of experimental data, explaining them, which fact rigorously 
support the proposed reaction model. 
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